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Olive brine represents a stressful environment due to the high NaCl concentration, presence of phenolic compounds known as
antimicrobials, and low availability of nutrients. Thus, only a few strains of lactic acid bacteria (LAB) are adapted to grow in and
ferment table olives. To identify the mechanisms by which these few strains are able to grow in olive brine, Lactobacillus pento-
sus C11, a particularly resistant strain isolated from naturally fermented table olives, was mutagenized by random transposition
using the P;unc-TpaselS1223 system (H. Licandro-Seraut, S. Brinster, M. van de Guchte, H. Scornec, E. Maguin, P. Sansonetti, J. F.
Cavin, and P. Serror, Appl. Environ. Microbiol. 78:5417-5423, 2012). A library of 6,000 mutants was generated and screened for
adaptation and subsequent growth in a medium, named BSM (brine screening medium), which presents the stressful conditions
encountered in olive brine. Five transposition mutants impaired in growth on BSM were identified. Transposition occurred in
two open reading frames and in three transcription terminators affecting stability of transcripts. Thus, several essential genes for

adaptation and growth of L. pentosus C11 in olive brine were identified.

Table olives represent one of the most important fermented
vegetables, as they are widespread both in the Mediterranean
area and in Australia, the United States, and South America; they
are highly appreciated for their sensory characteristics and nutri-
tive value, and their use is extensive in all markets. Even if table
olives represent an important economic source for the producing
countries, the fermentation process is still empirical and craft
based (1). Table olives can be elaborated in several ways, but the
main industrial elaborations are the green Spanish style and the
naturally black olives, or Greek style. These treatments aim to
remove the natural bitterness of olives through the hydrolysis of
oleuropein. In the Spanish style bitterness is removed by adding
lye (NaOH solution), while in the Greek style olives are directly
brined and the debittering is slow and only partial (1, 2). These
processes are unpredictable and can lead to low-quality products.
Many studies have focused on standardizing the quality of prod-
ucts through the use of starter cultures composed of lactic acid
bacteria (LAB) and yeasts (3-8). Among yeasts, the species pro-
posed as starters are Candida diddensiae (3), Saccharomyces cerevi-
siae (9), and Debaryomyces hansenii (10). Regarding LAB, Lacto-
bacillus plantarum (11-13) and Lactobacillus pentosus (14, 15),
which are very closely related species, are the main bacteria used as
starters. They possess general stress resistance genes that have been
identified in L. plantarum for other food fermentations (14). Dur-
ing the olive fermentation process, an ecological succession of
different strains of these two species takes place. These strains have
different biochemical and physiological characteristics and are
adapted to the particular conditions of olive brines (15-17). In
recent years, the interest of researchers was focused on the study of
the antimicrobial effects of phenolic compounds present in table
olives (18-20). Particular attention was paid to L. plantarum,
while only few analyses were performed with L. pentosus (20).
Some bacterial responses to phenolic compounds were deeply
characterized, particularly the phenolic acid stress response
(PASR) in Pediococcus pentosaceus (21), L. plantarum (22-24), and
Bacillus subtilis (25, 26), which allows the bacteria to face ferulic,
p-coumaric, and caffeic acid stresses.
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The species of LAB encountered most frequently during table
olive fermentation are L. plantarum and L. pentosus (17). Effec-
tively, previous studies demonstrated that, at the end of fermen-
tation of Itrana Bianca table olives (naturally fermented green
table olives), the bacterial population was clearly dominated by L.
pentosus and L. plantarum species (11-13). The mechanisms in-
volved in the ability of these strains to grow in such a hostile
environment are not known. So, the aim of this study was the
identification of genes involved in the capability of L. pentosus C11
to adapt and to grow in olive brine and thus to perform olive
fermentation. Therefore, by using random transposon mutagen-
esis, one of the most powerful approaches widely used for genetic
characterization of bacterial phenotypes (25, 27, 28), a library of
6,000 random transposon mutants was generated using the P;,,,.-
TpaselS1223 system (29) and screened for the ability to grow in
olive brine, using BSM (brine screening medium).

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. Bacterial strains and plasmids
used in this study are listed in Table 1. Multiplex PCR on the recA gene was
performed to check the assignment of strain C11 to the L. pentosus species,
as previously described (30). Wild-type (WT) L. pentosus C11 and its
corresponding mutants were routinely grown either in liquid or in agar
MRS medium (20 g/liter; Difco) at 37°C without shaking, whereas for
several growth ability tests, liquid or agar (20 g/liter) YG medium com-
posed of 10 g/liter yeast extract and 10 g/liter glucose was used as the basal
medium. Escherichia coli cells were grown aerobically at 37°C in Luria-
Bertani (LB) medium. Relevant antibiotic concentrations were as follows:
150 pg/ml erythromycin (Em) and 50 pg/ml ampicillin (Am) for Esche-
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TABLE 1 Bacterial strains and plasmids

Olive Brine Resistance Genes in L. pentosus

TABLE 2 Primers

Strain or plasmid  Relevant characteristics Source or reference

Use and name* Sequence (5'—3")

Strains

L. pentosus C11  Isolated from table olives University of Teramo

culture collection

E. coli TG1 supE hsdA5 thi A (lac-proAB) F' 54
[traD36 proAB™ lacl4
lacZAM15]
Plasmids
pVI129 Ap" Cm’, pVI1056 containing 29
P1-1S1223AIR
pVI110 Em’, pBR3220r1, P;,, 29

richia coli, and 10 pg/ml chloramphenicol (Cm) and 5 pg/ml Em for
recombinant strains of L. pentosus C11 (Table 1). The olive-extracted
phenolic compounds mix used for phenotypic analysis of selected mu-
tants was obtained through high-performance liquid chromatography
purification of olive oil vegetation waters (31) and contained 131 mg/g
3,4-dihydroxyphenylethanol (3,4 DHPEA), 20 mg/g p-hydroxyphenyl-
ethanol (p-HPEA), 64 mg/g verbascoside, 165 mg/g 3,4-DHPEA-EDA
(dialdehydic form of elenolic acid linked with 3,4-dihydroxyphenyletha-
nol), and 381 mg/g other phenolic compounds.

Development of BSM. A solid medium called brine screening me-
dium was developed in this study to isolate mutants affected in their
ability to grow in olive brine. In particular, the brine was taken from the
end of fermentation of Itrana Bianca table olives (naturally fermented
green table olives), when antimicrobial phenolic compounds reach the
highest concentration. The main characteristics of this brine were previ-
ously described (2, 32). In particular, the brine (70 g/liter NaCl, pH 4.0)
was mainly characterized by the presence of 3,4-DHPEA, p-HPEA, and
verbascoside (32), and also glucose and lactic acid (2). In order to obtain
a 100% concentration of brine in the agar medium, brine was 2-fold
concentrated with a rotary Buchi vacuum apparatus at 52°C and then
supplemented with 20 g/liter glucose and 20 g/liter yeast extract as nutri-
ents. The pH was adjusted to 4.0 with HCI, corresponding to the general
olive brine pH. Then, the supplemented brine was pasteurized at 65°C for
45 min, a treatment sufficient to destroy any vegetative microorganisms
(determined by agar plating [data not shown]), and mixed with an equal
volume of sterile melted agar at 40 g/liter in water just before pouring the
plates. Mutants were spotted on BSM plates (diameter, 150 mm) by using
a 96-solid-pin replicator and incubated for 72 h at 37°C. YG medium at
pH 6.0 was used as the positive growth control. Absence of growth on
BSM plates was confirmed in a replicate experiment.

DNA techniques. All DNA manipulations were performed according
to standard procedures (33). Plasmids were isolated by using a Nucleospin
plasmid miniprep kit (Euromedex). Ligation and restriction analysis were
carried out according to the manufacturer’s instructions. PCR was per-
formed using 0.1 unit of Platinium Taq DNA polymerase high fidelity
(Invitrogen), according to the manufacturer’s recommendations, in an
automatic thermocycler (Bio-Rad).

Transposon mutagenesis. L. pentosus C11 and E. coli were trans-
formed by electroporation as described by Aukrust et al. (34) and Dower
etal. (35), respectively, using a GenePulser and a pulse controller appara-
tus (Bio-Rad). Plasmids were prepared from E. coli by using a Nucleospin
plasmid miniprep kit (Euromedex). Mutagenesis was performed using
the P;,,.-TpaselS1223 system as previously described (29) with the fol-
lowing modifications. Electrocompetent cells of L. pentosus C11 were first
electroporated with pVI129, which provided the transposase of 1S1223,
plated onto MRS agar with Cm at 10 wg/ml, and incubated at 37°C for 48
h. Electrocompetent cells of a pVI129 transformant were then trans-
formed with pVI110. The cells were plated on MRS agar plates supple-
mented with 5 wg/ml Em and incubated at 42°C for 48 h to select inte-
grants.
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pVI110 target sequencing

IRR6 TCACCGTCATCACCGAAACG
IRL6 GCCGCACTAGTGATTAAAATAC
qRT-PCR
obaA F GATTGGGCTCGTCCTAGTCA
obaA R TATTGTTGGAAGCCGTCGAT
obaB F CTTGACCGTTGTCACCCAAT
obaB R AGAAACAGTGCGGGTTCAAA
i F ATCGGGATTGGTGGTTCATA
iR TGTGGGAATTTACGGTCTTCA
obaC F CGTTTAACAACGCTGAGCAA
obaCR AACCCTTCACCACAACAAGC
obaE F ATAGCGACAGCACCTGCAC
obaER CGATGATTTGGTCACGGAAC
obaF F TCAGGCACCATAAGCATCG
obaF R TGCAACCGAATTAACAGGA
enoAl F GCAAGGTAGTCCGTGTTCGT
enoAl R ACTGGGAAGACTGGCAAATG

“F, forward; R, reverse.

Sequence analysis and mapping of transposon insertion site.
Genomic DNA was digested simultaneously with Clal and BstBI (Fer-
mentas), and ligation was performed using T4 DNA ligase HC (Fermen-
tas) according to the manufacturer’s instructions. The resulting ligation
products were directly transformed into the E. coli TG1 strain, in which
circularized fragments that contain the transposon replicate as plasmids.
Plasmids were isolated from selected transformants and subjected to se-
quencing reactions (GATC Biotech) using the primers IRR6 and IRL6,
which target the transposon sequence extremities (Table 2). Identification
of transposon target sequences was performed with the BLAST software
from the National Center for Biotechnology Information (http://blast
.ncbi.nlm.nih.gov/).

RNA extraction and qRT-PCR analysis. Total RNA from 10 ml of
culture was extracted after bead beating disruption using the Tri reagent
method (Sigma) as previously described (24). Quantitative reverse trans-
criptase PCR (qRT-PCR) and calculations of relative transcript levels
(RTLs) were carried out as previously described elsewhere (24), using the
primers listed in Table 3. The genes tpiA and rpoD were used as internal
calibrators for all QRT-PCR analyses.

RESULTS

Transposon mutagenesis of L. pentosus C11. L. pentosus Cl1,
isolated from olive brine (unpublished data), was mutagenized

TABLE 3 Analysis of transposon integration in 10 randomly selected L.
pentosus C11 mutants based on sequencing of the transposon target and
BLAST analysis with the L. pentosus IG1 genome sequence

Mutant

no. Locus of pVI110 insertion

1 IGR Ipent_00526/Ipent_00527
2 OREF Ipent _00833

3 OREF Ipent_00835

4 IGR Ipent _01101/lpent _01102
5 IGR Ipent _01190/Ipent _01192
6 IGR Ipent _01719/lpent _01720
7 IGR Ipent _01772/lpent _01773
8 OREF Ipent _02891

9 IGR Ipent_02977/Ipent _02978
10 IGR Ipent_03116/Ipent_03117
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FIG 1 Photographs of plates obtained during screening of 48 L. pentosus C11 mutants for their sensitivity to olive brine after replication from fresh titration
microplate individual cultures on either YG or BSM and incubation at 37°C for 72 h.

using the P;,,,, -TpaselS1223 system, which was specially designed
for LAB random transposon mutagenesis and successfully used
for Lactobacillus casei mutagenesis (29). This system is composed
of the thermosensitive pVI129 plasmid, which is used for transient
expression of the IS1223 transposase and the nonreplicative plas-
mid pVI110, which contains dedicated inverted repeat sequences
that require the transposase for pVI110 random integration into
the genome. The segregational stability of pVI129 in L. pentosus at
42°C was estimated to be 80% per generation by using the calcu-
lation method of Heap et al. (36). Thus, the mutagenesis proce-
dure applied for L. pentosus was the same as that described for L.
casei, but the final incubation was at 42°C. With approximately
4,000 mutants obtained from 10° viable cells (carrying pVI129)
transformed with 1 g of pVI110, the transposition efficiency was
similar to that of L. casei (29). Less than 10 Em" colonies were
obtained for WT L. pentosus electroporated with pVI110, con-
firming the necessity for pVI129 to promote pVI110 integration.
Eighteen pVI110 integration mutants were randomly selected and
analyzed by Southern blotting with a pVI110-specific probe as
previously performed (29). Southern blot analysis indicated that
pVI110 was integrated randomly at a single locus of genomic DNA
of L. pentosus C11 (data not shown). This was confirmed by se-
quencing of the genomic DNA target of pVI110 in 10 randomly
selected mutants (Table 3). The transposon was integrated into
different loci, strongly supporting the randomness of pVI110 in-
tegration in L. pentosus. Thirty percent of the mutants were dis-
rupted in open reading frames (ORFs) (Table 3). Moreover, the
target sequence of pVI110 was reanalyzed for 5 of the 10 randomly
selected mutants after 50 generations and gave the same results,
demonstrating the stability of pVI110 integration. Altogether,
these results confirmed the efficiency and the randomness of the
transposon mutagenesis in L. pentosus when using the Pj,,-
TpaselS1223 system. Thus, a collection of 6,000 colonies, in which
about one-third of the mutants in an ORF are expected, were
randomly picked and prepared in 96-well plates for phenotypic
screening.

Screening for mutants unable to grow on olive BSM. In order
to select mutants from the mutagenized library of L. pentosus C11
affected in their capacity to grow in brine, a solid agar medium
named brine screening medium was developed by supplementing
YG-agar medium with olive brine (see Materials and Methods).
Mutants of the library were spotted on BSM plates, with a positive
growth control on YG plates (Fig. 1). After 48 h of incubation at
37°C, of the 6,000 mutants screened, 5 failed to grow on BSM but
grew on YG plates. This inability was also confirmed in BSM broth
(BSM without agar): there was no increase of the optical density at
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600 nm (ODg,) monitored during the 48 h following the inocu-
lation at an ODyg, of 0.1.

Phenotypic analysis of the selected brine-sensitive mutants.
Phenolic compounds and osmotic stress triggered by salt concen-
tration, which can reach 70 g/liter, are the main stresses encoun-
tered in olive brine. To establish the main factors responsible for
mutant growth inhibition in brine and to better understand the
niche adaptation phenomenon, the growth of the 5 selected mu-
tants was compared to that of WT L. pentosus under the main
stress conditions encountered in olive brine. Bacterial growth was
tested in YG broth (pH 4) containing an increasing concentration
of NaCl and supplemented or not with either oleuropein (0.2 g/li-
ter) or an olive-extracted phenolic compounds mix (0.4 g/liter).
Only a few differences between the growth of WT L. pentosus and
mutants were detected in YG broth at pH 4 after 24 h, in the
absence of stress conditions (Fig. 2) or with 10 g/liter NaCl (data
not shown), with a similar final ODy, (about 1.3) for WT L.
pentosus and mutants. These results demonstrated that the iden-
tified mutants were not sensitive to acidic conditions nor to 10-g/
liter NaCl supplementation. The growth of all mutants was par-
tially inhibited with 20 g/liter NaCl (Fig. 2), and none of the 5
mutants was able to grow in the presence of 30 g/liter NaCl or
higher concentrations, contrary to findings with WT L. pentosus
(data not shown).

Contrary to WT L. pentosus, the growth of the 5 brine-sensitive
mutants was affected in the presence of the olive-extracted phe-
nolic compound mix (Fig. 2). This result agrees with that obtained
for L. pentosus ATCC 8041, which was able to grow in the presence
of different phenolic compounds, such as hydroxytyrosol and its
glucosides, oleoside, tyrosol, secoxyloganin, secologanoside, and
oleuropein (20). Supplementation with 20 g/liter NaCl increased
the inhibition triggered by phenolic compounds for all mutants
(final ODg, of about 0.3), whereas it had no consequence on WT
L. pentosus growth (Fig. 2). These observations confirmed that the
inability of the mutants to grow in brine results from the com-
bined stress induced by phenolic compounds and NaCl, as re-
ported for other LAB strains not well adapted to this inhospitable
environment (37). For example, oleuropein, one of the most
abundant phenolic compounds in olive pulp, exerts an inhibitory
effect on bacterial growth by a mechanism that remains unknown
(20). It is suspected to induce leakage of glutamate and inorganic
phosphate from bacterial cells, cause degradation of the cell wall
itself (19, 38), and also cause a decrease in the ATP content of cells
(39). The growth of the five brine-sensitive mutants was inhibited
at the same level, with a final ODy, of 0.6 in YG containing 0.2
g/liter oleuropein, with or without 20 g/liter NaCl (Fig. 2). Notice-
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FIG 2 Growth of WT L. pentosus C11 (dotted line connected plus signs) and brine-sensitive mutants 2585 (H), 20B10 (A), 31B11 (X), 51D12 (O), and 42G1
(OJ) under different stress conditions with phenolic compounds, oleuropein, and NaCl.

ably, the inhibition of the mutant was particularly strong during
the first hours of growth, in comparison with WT L. pentosus
(Fig. 2).

From phenotype to olive brine adaptation genes. Transposon
chromosomal targets were determined by sequencing and com-
parison of the insertion site sequence with L. pentosus 1G1
genomic sequence using BLAST database searches (NCBI). The
disrupted genes were named 0baA to obaE, for olive brine adapta-
tion, when no putative function was already attributed.

In mutant 20B10, the transposon was inserted in obaD, an
ortholog of Ipent_00392, which encodes a small hypothetical inte-
gral membrane protein of unknown function. The obaD gene
seems to be specific to L. pentosus/L. plantarum species, since nei-
ther ortholog nor even homologs of the ObaD-encoded protein
were found in other bacterial species. This gene is located 379 bp
upstream of obaE, an ortholog of Ipent_00391, which encodes a
transcriptional regulator of the Tet" family. Despite the quite large
intergenic region (IGR) between obaD and obaE, no putative tran-
scriptional terminator was found in this IGR, and RT-PCR with
two primers designed for obaD and obaE, respectively, on WT L.
pentosus also indicated that obaD was cotranscribed with obaE
(data not shown). The consequence of transposon integration on
obaE was evaluated by qRT-PCR performed on mutant cultures
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grown in MRS until the early stationary phase of growth, using
WT L. pentosus under the same culture condition as the reference
(Fig. 3). In the 20B10 mutant, obaE transcripts were under the
detection level (lower than 1/1,000 of that measured for the WT),
indicating that obaE, in addition to obaD, is silenced in this mu-
tant.

The mutant 42G1 is disrupted for enoAl, an ortholog of
Ipent_01085, which is predicted to encode an enolase (EnoAl), an
essential enzyme for glycolysis (Fig. 3). L. pentosus C11 is likely to
carry another enolase gene, as is the case for the sequenced L.
plantarum strains, which would explain the fact that this disrup-
tion is not lethal. The RTL of the gene downstream of enoAl, the
Ipent_01086 ortholog, was not modified by the transposon inte-
gration in enoA (RTL of 1), and a putative transcription termina-
tor was found downstream of enoA1 (Fig. 3).

In mutants 31B11, 51D12, and 25B5, the transposon was inte-
grated into the predicted transcription terminators (TT) (Fig. 3).
In mutant 31B11, the transposon was integrated into the TT of gpi,
an ortholog of Ipent_02771, which encodes glucose-6-phosphate
isomerase, whereas in mutant 51D12 it is integrated into the TT of
obaC, an ortholog of Ipent_00851, which encodes a putative fatty
acid binding protein. The transposon of mutant 25B5 was inte-
grated into a TT that could serve for the two convergent genes
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A B
hyp. membrane prot. regulator, tetR family 50S ribosomal prot. Mutant  Gene RTL mutant vs WT
20810 1 20B10  obaD ND (disrupted)
enolase 1 hyp. prot. obakE <1/1000
42G1 —— 42G1  enoAl ND (disrupted)
Lpent_01086
Ipent_01086 ortholog 1
transcription regulator membrane-bound protease
25B5 obaB — 25B5 00A <1/1000
obaB <1/1000
glucose-6-phosphate isomerase
31B11 api 31B11 gpi 1/6
Ipent_02770
30S ribosomal prot. fatty acid binding prot. Ipent_02770 ortholog 1
SRR | e —— 1012 1ot ;
500bp obaC <1/1000
C
Mutant  Transposon insertion site sequences
20B10 TTTTAGTCAGTTTTGTTAGTTTCTTTATCTTT/TGATTGTATAATGCCAATGTGCAAGATAAGAA
42G1l AGGGTGAAGGCGAAAATGGTCAATCATTTACT/GTGCCGGTTACAAGCCTGGTAAGGATATTGCC
25B5 GAAAGCGGGATATTGTTGCCACATAGGTAAGA/AATTATTCAGGGAAGCTTTTTTAACATACTTA
31B11 AAGCCCCCAAAACAAGCAGCCTATCAGCCAGC/TGATAGTTGTTTGTTTTAGGAGCTTCCATCTT
51D12 GTTCAGCATTTGAAGCTGAACTGAAAGTTATG/TCATATAGCCAGAAAATGTTGATAAAACAACG

FIG 3 (A) Schematic representation of transposon integrations in the 5 olive brine-sensitive mutants. Transposon integration is represented by a vertical, curved
double line. (B) RTLs of genes of the locus affected by the transposon, using WT L. pentosus C11 as the reference. ND, not determined (gene disrupted). (C)

Transposon insertion site sequences.

obaA, an ortholog of Ipent_01150, which encodes a putative re-
dox-sensitive transcription regulator, and obaB, an ortholog of
Ipent_01149, which encodes a putative membrane-bound pro-
tease.

Olive brine sensitivity of IGR integrants could be due to polar
effects of the transposon on the flanking genes. To check this hy-
pothesis, QRT-PCR analysis of genes flanking the transposon was
performed for each mutant, using WT L. pentosus as the reference
(Fig. 3). The RTL of gpi in mutant 31B11 was 6-fold lower than in
the WT, while transposon insertion did not change the RTL of the
upstream gene, the Ipent_02770 ortholog. The lower gpi RTL
could be explained by an alteration of the transcript stability, as
bacterial single-stranded RNA is rapidly degraded from the 3" end
(40, 55). The consequence should be a decrease of the glucose-6-
phosphate isomerase (GPi) concentration in the cell, which could
alter carbohydrate-related metabolic functions. As Gpi plays a
central role in carbohydrate metabolism, a stronger reduction of
the gpi RTL, or its inactivation by transposon insertion, would
have been lethal. Interestingly, these results illustrate an unex-
pected aspect of IGR mutants, in which in some cases transposon
integration into a TT reduces the transcript level of an essential
gene without affecting growth and viability under nonstressful
conditions. The transcript level of 0baC was under the detection
level in mutant 51D12 (<1/1,000 of that in WT), while the RTL of
the divergently transcribed gene, rpsI, did not change (Fig. 3). This
is consistent with the presence in the IGR for these two genes of
two independent hairpin structures predicted to be transcription
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terminators. The drastic reduction of the obaC RTL could be due
to instability of obaC mRNA presenting an altered TT. Further-
more, a hairpin structure downstream of obaC displays high sim-
ilarity level with the RF01676/P31 noncoding RNA family (http:
//rfam.sanger.ac.uk/). Interestingly, in mutant 25B5, transposon
insertion reduced drastically the RTL of the two flanking genes,
obaA and obaB. No alignment with noncoding RNA of a known
family was found, but their presence cannot be excluded. From
a functional point of view, 51D12 can be considered an obaC
knockout mutant and 25B5 as a double obaA-obaB knockout
mutant.

Despite the fact that we did not obtain two or more mutants in
each of the five genes identified in this screening, indicating that
testing of 6,000 mutants is not sufficient to reach saturation, our
drastic screening conditions allowed us to identify some of the
most essential genes for growth in olive brine.

Transcriptional analysis of the genes interrupted, or silenced
by transposon integration, was carried out on WT L. pentosus after
16 h of growth in BSM broth, or in YG broth for the reference
condition (Fig. 4). All genes identified in olive brine-sensitive mu-
tants displayed a significantly higher RTL in BSM broth than in
YG broth, with particularly high increases for enoAI (60-fold) and
obaE (35-fold) (Fig. 4). This analysis reinforces their role in the
resistance to the olive brine stress and in olive fermentation adapt-
ability and demonstrates that this adaptation results in an upregu-
lation of oba gene transcription in WT L. pentosus.
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FIG 4 Relative transcript levels of L. pentosus C11 genes after 16 h of growth in BSM broth. Transcript levels of each gene are expressed as the relative fold change,
with YG medium as the reference condition (fold change = 1). Four biological repeats were performed, and bars indicate standard deviations. Statistical analysis

was performed using the unpaired Student t test: *, P < 0.05; **, P < 0.005.

DISCUSSION

Olive brine represents a stressful environment due to the high
NaCl concentration, presence of phenolic compounds considered
antimicrobials, and low availability of nutrients. It was observed
that the inhibitory effect of olive phenolic compounds on LAB
growth was higher when they were associated with NaCl, showing
a combined effect in the inhibition (37).

Oleuropein and hydroxytyrosol (the product of oleuropein hy-
drolysis) are the most abundant phenolic compounds found in
olives, and they show antimicrobial effects (20). The mechanisms
of bacterial growth inhibition have not been elucidated, and often
controversial results have been obtained, depending on the differ-
ent antimicrobial assays used (19). However, several studies
agreed that oleuropein and its hydrolysis products could impact
cell wall structure. These compounds could induce leakage of glu-
tamate and inorganic phosphate from bacterial cells, as well as the
degradation of the cell wallitself (19, 38) and changes in the typical
bacillary structure of Gram-positive bacteria (38). Moreover,
oleuropein has been reported to cause a decrease in the ATP con-
tent of the cells without affecting the rate of glycolysis (39).

The response to osmotic stress implies involvement of several
genes whose expression, coordinated by osmosensing regulation,
leads to an adjustment of cytoplasmic properties, cell turgor, hy-
dration, and thus protein activity (42, 43). The sequence analysis
of L. pentosus IG1, a strain isolated from Spanish-style green olive
fermentations, revealed that this strain presents 16 putative two-
component regulatory systems, which may reflect an extensive
ability to adapt to changing environmental conditions (56).

The stress response in LAB and particularly in Lactobacillus has
been reviewed recently (44). The genes involved in the generalized
stress response in Gram-positive bacteria and LAB appear to be
highly conserved (45). Thus, the ability of only some strains of L.
plantarum and L. pentosus to face olive brine stresses is probably
related to the presence of a genotypic diversity in the “lifestyle
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adaptation island,” which is a chromosomal region suggested to
be involved in niche adaptation (45).

The strategy used in this work allowed us to select 5 mutants of
L. pentosus C11 unable to grow in olive brine because of the simul-
taneous presence of inhibitory concentrations of NaCl and the
phenolic compounds that characterize this medium.

Thanks to genetic and transcriptomic analyses of mutants,
enoAl, gpi, and obaC were clearly identified as essential genes for
growth in olive brine. Concerning mutants 20B10 and 25B5, our
results did not discriminate between obaD versus obaE or obaA
versus obaB, respectively, since these mutants can be considered
double knockouts and since these four genes are upregulated in
the presence of olive brine. Further studies are required to estab-
lish which one of 0baA or obaB is needed for adaptation to olive
brine.

Gene expression analysis demonstrated that all oba genes are
upregulated in the presence of olive brine, reinforcing the evi-
dence of their involvement in brine stress resistance and growth in
this medium. These genes can be classified into three groups: the
first group includes gpi and enoA1, both of which encode enzymes
involved in energetic metabolism; the second group includes
obaB, obaC, and obaD, which encode putative membrane pro-
teins; the third group includes obaA and obaE, which encode pro-
teins with a putative regulatory function.

Under stress conditions, carbon metabolism, which is involved
in energy production and saving, can be disturbed, as reported for
L. plantarum challenged with tannic acids (46) and for Lactobacil-
lus rhamnosus in the presence of acid stress (47). The enolase gene
is generally one of the upregulated metabolic genes in response to
stress; for instance, its expression is induced with decreasing tem-
peratures of growth in Lactobacillus helveticus (48) and in a
low-pH environment for Lactobacillus reuteri (49). So, enolase
gene disruption, as well as a glucose-6-P-isomerase (gpi) RTL de-
crease, could affect the efficiency of metabolic pathways involved
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in stress adaptation. Amazingly, enolase 1 has also been described
as a surface protein able to bind fibronectin in L. plantarum (50),
indicating that other roles for enolase 1 in sensing the environ-
ment or in interacting with olive brine molecules are possible.

The obaD/obaE operon encodes two putative proteins of un-
known function. ObaD, a putative membrane protein without an
identified conserved domain, is exclusively found in L. plantarum
and L. pentosus species, while ObaE is a putative transcription
regulator of the Tet" family. Thus, ObaD/ObaE could constitute
an element of a system for sensing and responding to environ-
mental changes like osmotic pressure variations and appearance
of phenolic compounds. This is consistent with previous work
that indicated that phenolic compounds are responsible for alter-
ations of the cell wall and modifications of fatty acid membrane
composition in L. plantarum (51).

The L. plantarum ortholog of obaB, which encodes a mem-
brane-bound protease CAAX family protein, is upregulated in the
presence of ethanol (52). It has been proposed that this protein
could be involved in the lipid ordering and bilayer stability and it
could influence permeability, fluidity, and the functioning of
membrane-embedded enzymes (52). Regarding obaC, which en-
codes a putative DegV family protein, its cellular function remains
unknown, but it could be involved in lipid transport or in fatty
acid metabolism (53).

In this study, five mutants unable to grow in olive brine were
isolated, and their analysis led to the identification of at least 5
genes essential for the growth of L. pentosus under olive fermen-
tation conditions, which are characterized by a particularly high
concentration of salt and phenolic compounds. The identified
genes encode proteins involved in carbohydrate metabolism,
membrane structure and function, or regulation of gene expres-
sion. As obaD encodes a putative membrane protein strictly spe-
cific to L. pentosus/plantarum species, it is one of the key elements
that deserves further characterization in order to understand the
particularly efficient adaptation mechanisms in these two closely
related species to environments that present these specific stresses,
which are found in many fermented food processes and also nat-
ural ecosystems.
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